in the redistribution of intermembrane proteins to the central events in apoptotic cell death. Whether cytochrome c release occurs prior to the loss of mitochoncytosol while maintaining, at least transiently, the ability of the inner membrane to carry out oxidative phosphorydrial membrane potential or as a result of the loss of lation. Bcl-xL functions to prevent the loss of outer meminner membrane potential remains controversial (Kluck brane integrity by preventing both membrane hyperpoet al., 1997; Susin et al., 1997; Yang et al., 1997) . Since larization and mitochondrial swelling in response to a the cell survival protein Bcl-x L has been shown to localdiverse set of stimuli. These data suggest that Bcl-x L ize to the outer mitochondrial membrane, the effects of may function as an ion channel in the outer membrane Bcl-xL expression on cytochrome c redistribution and to prevent osmotic swelling of mitochondria.
mitochondrial membrane depolarization in response to several different apoptotic stimuli were investigated. For Results comparison, the ability of the caspase inhibitor zVADfmk (zVAD) to affect these changes was also examined.
Apoptosis was induced in human Jurkat T cells stably Bcl-x L Expression Prevents Cytochrome c Redistribution and Subsequent
transfected with either Bcl-x L or a control vector (Neo) by treatment with either an anti-Fas antibody or stauroMitochondrial Depolarization during Apoptosis sporine ( Figure 1 ). The subcellular localization of cytochrome c, which normally resides in the mitochondrial Mitochondria appear to play an important role in the early events of apoptosis. Both mitochondrial depolarintermembrane space, and the mitochondrial membrane potential were assessed at various times following the ization and the loss of cytochrome c from the mitochondrial intermembrane space have been proposed as early apoptotic stimuli. At 18 hr, control-transfected cells that were treated with either an anti-Fas antibody or staurowithdrawn from IL-3. Thus, cytochrome c redistribution sporine remained Ͼ50% alive as measured by propidfrom mitochondria is an early apoptotic event that preium iodide (PI) exclusion (data not shown). However, cedes mitochondrial membrane depolarization. Bcl-x L after subcellular fractionation, nearly all of the cytoexpression functions to inhibit both of these events. In chrome c partitioned with the S100 (cytosolic) fraction at least some forms of cell death, the ability of Bcl-x L ( Figure 1A ). In contrast, the inner membrane protein to regulate these mitochondrial events cannot be mimcytochrome oxidase remained in the mitochondrial fracicked by caspase inhibition. tion under all conditions tested. Redistribution of cytochrome c could be observed as early as 6 hr following either death stimulus (data not shown). Despite this reLoss of Outer Mitochondrial Membrane distribution of cytochrome c, Ͼ50% of the cells mainIntegrity during Apoptosis tained a mitochondrial membrane potential as measured Although the above data suggest that cytochrome c loss by rhodamine-123 (Rh123) fluorescence ( Figure 1B) . from the intermembrane space reflects an early event in This demonstrates that cytochrome c release from the apoptosis, the loss of cytochrome c from the mitochonmitochondria fraction precedes the loss of mitochondria could have occurred during cell fractionation. To drial membrane potential in cells undergoing apoptosis.
determine if the cytochrome c redistribution detected In Bcl-x L -transfected cells, significantly less cytoby cell fractionation reflects the ability of holo-cytochrome c redistribution occurred in response to either chrome c to pass through a compromised outer mitostimulus ( Figure 1A ). As in control-transfected cells, Bclchondrial membrane in intact cells, FL5.12 cells were x L-expressing cells maintained a mitochondrial memassayed for the ability of cytosolic cytochrome c to gain brane potential following treatment with an anti-Fas antiaccess to cytochrome oxidase on the inner mitochonbody ( Figure 1B) . However, the majority of Bcl-x L cells drial membrane. Holo-cytochrome c was introduced into had a decrease in mitochondrial membrane potential in the cytosol by transient plasma membrane permeabiliresponse to staurosporine. Despite this, staurosporinezation. The ability of the outer mitochondrial membrane treated Bcl-x L cells were Ͼ80% viable as measured by to exclude added cytochrome c was assessed by mea-PI exclusion. Virtually all of the control-transfected cells suring the ability of cytochrome c to transfer electrons with a lower mitochondrial membrane potential were to cytochrome oxidase as assayed by oxygen consumppermeable to PI (data not shown).
tion. While the introduction of cytochrome c did not Bcl-x L has recently been proposed to regulate caschange the rate of oxygen consumption in untreated pase activation (Chinnaiyan et al., 1997) . Bcl-x L might or Bcl-x L-protected cells, an immediate and consistent therefore maintain mitochondrial integrity as an indirect increase in the consumption of oxygen was observed consequence of caspase inhibition. To test this possibilin control-transfected cells deprived of IL-3 ( Figure 2A ). ity, the ability of the caspase inhibitor zVAD to mimic Thus, the outer mitochondrial membrane is bidirectionthe effects of Bcl-x L expression was examined. The addially permeable to cytochromec diffusion during apoptosis. tion of zVAD had no effect on either the mitochondrial Bcl-x L expression maintains the impermeability of the membrane potential or the subcellular localization of outer membrane to holo-cytochrome c following IL-3 cytochrome c in untreated cells (Figures 1B and 1D; withdrawal. data not shown). zVAD appeared to be a more potent inhibitor of Fas-induced death than Bcl-x L. zVAD could completely impede cytochrome c release and the loss Physical Disruption of the Outer Mitochondrial of mitochondrial membrane potential in both control and Membrane during Apoptosis Bcl-x L cells (Figures 1A and 1B ; data not shown). This Cytochrome c redistribution could occur as the result may reflect the established role of caspase 8 (also of either a specific transport event or a physical disrupknown as FLICE, MACH, and Mch5) as a required uption of the outer mitochondrial membrane. To exclude stream signaling molecule in Fas-mediated death (Frathe possibility that cytochrome c is specifically transser and Evan, 1996) . In contrast, staurosporine-induced ported in either direction across the outer mitochondrial cytochrome c release was delayed but not inhibited by membrane in cells undergoing apoptosis, the ability of the same dose of zVAD ( Figure 1A ). zVAD-treated control a much larger (160 kDa) protein to gain access to the transfectants that had a decreased membrane potential intermembrane space was examined using an antibody following staurosporine treatment were permeable to PI to cytochrome oxidase subunit IV. The cytochrome oxi-(data not shown).
dase subunit IV is located on the inner mitochondrial Cytochrome c redistribution and changes in mitochonmembrane facing the intermembrane space (Tsukihara drial membrane potential were also examined following et al., 1996) . Mitochondria isolated from control-and growth factor withdrawal in IL-3-dependent FL5.12
Bcl-x L-transfected cells grown in the presence of IL-3 cells, a murine pro-B cell line. In control-transfected bound the cytochrome oxidase antibody to the same FL5.12 cells, most of the cytochrome c redistributed to extent as an isotype-matched control antibody (Figure the cytosol after 18 hr of IL-3 deprivation ( Figure 1C) , 2B). The failure of the cytochrome oxidase antibody to while a much smaller percentage of cells had lost mitoshow specific staining suggests that the outer mitochondrial membrane potential as measured by Rh123 chondrial membrane is intact. In contrast, there is ( Figure 1D ). Bcl-x L expression prevented both cytoenhanced and specific staining with the cytochrome chrome c redistribution and mitochondrial membrane oxidase antibody of the mitochondria isolated from condepolarization. In contrast, zVAD treatment could not trol-transfected cells that have been deprived of IL-3 for prevent either cytochrome c redistribution or mitochondrial membrane depolarization in control transfectants 18 hr ( Figure 2B ). Mitochondria from Bcl-x L transfectants deprived of IL-3, but not those from zVAD-treated control transfectants, failed to stain with the cytochrome oxidase antibody above the level observed for the isotype-matched control.
To explore this issue further, electron microscopy (EM) of Jurkat cells treated with an anti-Fas antibody was performed. Cells were fixed at a time point when Ͼ70% of the cells excluded PI. Cells in the early stages of apoptosis were identified by the absence of nuclear chromatin condensation (Figure 3 ). Compared to untreated cells, the mitochondria from cells treated with anti-Fas antibody appeared larger and contained fewer cristae, an indication of mitochondrial swelling. Examination of the membrane structure of these swollen mitochondria revealed sites of outer membrane discontinuity, while the inner membrane appeared intact. Similar mitochondrial changes were observed by EM following IL-3 withdrawal in FL5.12 cells, and the changes in both cell types were inhibited by Bcl-x L expression (data not shown).
Mitochondrial Swelling/Hyperpolarization May Promote the Loss of Outer Membrane Integrity
The EM studies suggest that mitochondrial swelling occurs early in the apoptotic process and contributes to the disruption of the outer mitochondrial membrane. Stereological analysis of the EM data described above confirmed that the mitochondria from cells treated with an apoptotic stimulus exhibit statistically larger volumes than untreated cells (p Ͻ 0.05) (data not shown). To confirm that the observed mitochondrial swelling was not the result of an EM fixation artifact, the size of isolated mitochondria from cells undergoing apoptosis was measured directly. Mitochondria were isolated from FL5.12 cells cultured for 18 hr in the presence or absence of IL-3, and their size was individually determined by forward angle light scattering ( Figure 4 ). Forward angle light scattering is a direct measure of particle size (Allman et al., 1990) . The mitochondria analyzed retained the ability to take up Rh123, confirming that the particles being assessed were mitochondria that maintained a membrane potential. Mitochondria isolated from control-transfected cells deprived of IL-3 demonstrated an increased forward scatter compared to cells grown with population of cells with increased Rh123 fluorescence. This was followed by the appearance of cells that took not only dependent on the mitochondrial membrane poup substantially less dye ( Figure 5B ). In both FL5.12 and tential (⌬) but also on the volume of the mitochondria.
Jurkat cells, the cells that took up minimal Rh123 were If ⌬ is held constant while mitochondria volume indead as determined by simultaneous measurement of creases, a greater amount of Rh123 will be taken up to PI permeability (data not shown). FL5.12 cells that exreach the same internal matrix concentration. Consispressed Bcl-xL were protected from death and maintent with the EM evidence of mitochondrial swelling, we tained a decreased but stable Rh123 fluorescence in found that both Jurkat and FL5.12 
Bcl-xL Acts to Regulate Mitochondrial Membrane Potential/Volume
Increased Rh123 accumulation could reflect an increase in mitochondrial membrane potential and/or an increase in mitochondrial volume. To examine the relative contributions of mitochondrial membrane potential and volume to the observed changes in Rh123 accumulation, Rh123 fluorescence was measured in the presence or absence of carbonyl cyanide 3-chlorophenylhydrazone (CCCP). CCCP is a protonophore that dissipates the H ϩ ion gradient generated by the electron transport chain. This H ϩ ion gradient is the major source of mitochondrial ⌬ in cells undergoing oxidative phosphorylation.
Treatment of both Bcl-xL-and control-transfected cells with CCCP demonstrated that Rh123 uptake is dependent on the H ϩ ion gradient because CCCP significantly reduces the Rh123 uptake in both cell types (Figure 6 ). In the presence of CCCP, cells still maintain a basal mitochondrial membrane potential, as judged by dye uptake, that is independent of the proton gradient. Viable control-transfected FL5.12 cells have increased Rh123 uptake following IL-3 withdrawal. Treatment of these cells with CCCP results in a significant decrease in Rh123 fluorescence. However, the residual Rh123 uptake in the presence of CCCP is higher in IL-3-deprived cells than in cells cultured with IL-3. This H ϩ ion-independent increase in fluorescence appears to reflect the mitochondrial swelling that occurs in response to IL-3 withdrawal, as the differences in the volume of mitochondria isolated from control-and Bcl-x Ltranfected cells cultured in the absence of IL-3 ( Figure  4 ) were unaffected by acute addition of CCCP (data not shown). The difference in mean fluorescence intensity with and without CCCP of IL-3-deprived control transfectants was 547 Ϯ 8 (mean Ϯ SEM) arbitrary fluorescence units (Figure 6 ). This difference was slightly larger than the difference of 338 Ϯ 2 arbitrary fluorescence units observed when the control cells growing in IL-3 were treated with CCCP. Thus, control-transfected cells maintain at least as great a transmembrane potential across their mitochondrial membranes in the absence of IL-3 as they do in the presence of IL-3. In contrast, Bcl-xL-expressing cells display a lower accumulation of Rh123 in the absence of IL-3, and the Rh123 fluorescence of CCCP-treated, IL-3-deprived Bcl-x L cells is membrane potential and undergo progressive mitochondrial swelling in response to staurosporine, even in the presence of zVAD. both Jurkat and FL5.12 cells in response to all of the The observation of increased fluorescence was not apoptotic stimuli examined. In contrast, when cells that unique to Rh123: similar results were obtained with other express Bcl-x L were exposed to the same stimuli, the cationic dyes that partition to mitochondria, including live cells maintained a stable and in some conditions JC-1 and TMRE. The potential-independent, mitochondecreased level of Rh123 accumulation over time (Figdrion-selective dye 10N -nonyl acridine orange (NAO) was also examined. NAO accumulates in mitochondria ures 5C). by binding to membrane cardiolipin (Petit et al., 1992) .
potential in Bcl-x L -transfected cells does not result from a decreased rate of electron transport as compared to At 18 hr following IL-3 withdrawal, control-transfected cells had a slightly decreased NAO fluorescence. In concontrol cells. This suggests that Bcl-x L -expressing cells maintain a lower mitochondrial membrane potential than trast, the NAO fluorescence of Bcl-x L -transfected cells deprived of IL-3 was unchanged (data not shown). These control cells either by increasing the efficiency of the F1F0-ATPase that converts the H ϩ ion gradient to ATP data suggest that mitochondrial proliferation is not responsible for the increased Rh123 fluorescence obor by developing an alternative means to dissipate H ϩ ions from the intermembrane space. served during apoptosis, nor is a loss of mitochondrial mass responsible for the decreased fluorescence seen in Bcl-xL-protected cells.
Bcl-xL Prevents Cell Death in Response to Inhibitors of Oxidative Phosphorylation The decreased mitochondrial membrane potential of Bcl-x L -transfected cells following IL-3 withdrawal could
The previous results suggest that both mitochondrial hyperpolarization and osmotic swelling can be prereflect a decreased rate of H ϩ ion delivery to the intermembrane space as a result of decreased electron vented by Bcl-x L following an apoptotic stimulus. Despite the localization of Bcl-x L to mitochondria, it is still transport, or it could reflect an increased removal of the H ϩ ions that are delivered to the intermembrane space. possible that the protein is functioning to prevent these mitochondrial events by blocking apoptotic signaling Since the reduction of oxygen by cytochrome oxidase is an essentially irreversible reaction, consumption of pathways before they converge on the organelle. However, a Bcl-xL construct that lacks the carboxy-terminal oxygen was measured as an index of the rate of electron transport. Both Bcl-xL and control transfectants exhibmembrane anchor, which localizes Bcl-xL to the outer mitochondrial membrane, displayed a reduced ability ited equivalent levels of oxygen consumption in the presence of IL-3 (0.158 Ϯ 0.011 versus 0.168 Ϯ 0.049 to prevent the mitochondrial changes described above (data not shown). To explore this issue further, we tested mol O2/hr · 10 6 cells, respectively). Between 15 and 21 hr following IL-3 withdrawal, both populations dethe ability of Bcl-xL expression to protect cells following direct perturbations of mitochondrial function. Bcl-x Lcreased their rate of oxygen consumption (38% and 51%, respectively). Analysis using a paired sample t and control-transfected FL5.12 cells were treated with oligomycin or antimycin A. Oligomycin blocks the inner test confirmed that Bcl-x L -expressing cells maintained a higher rate of oxygen consumption than control cells membrane F 1 F 0 -ATPase, which utilizes the H ϩ ion gradient to generate ATP. If H ϩ ions are not consumed and between 15 and 21 hr following IL-3 withdrawal (p Ͻ 0.05). Therefore, the lower H ϩ ion-dependent membrane electron transport continues, the mitochondria become acutely hyperpolarized and subsequently undergo the shown). However, as compared to control transfectants, Bcl-xL expression conferred prolonged protection from osmotic swelling associated with necrosis ( Figure 7) . By 24 hr, when cells were beginning to die, control cells death in the presence of antimycin A. Furthermore, Bcl-xL expression prevented the increase in Rh123 fluoreshad an increased Rh123 fluorescence, and mitochondria had increased in size in response to oligomycin. Alcence, the increase in mitochondria size, and the redistribution of cytochrome c to the cytosol that were obthough oligomycin induced a comparable inhibition of oxygen consumption in Bcl-x L and control transfectants served in control cells following 24 hr of antimycin A treatment. (data not shown), Bcl-x L expression prevented oligomycin-induced cell death, and the Rh123 fluorescence was decreased. Direct measurement of mitochondria size Discussion demonstrated that Bcl-x L -transfected cells did not undergo significant osmotic swelling. Cytochrome c fracDisruption of mitochondrial function appears to be an early feature of apoptotic cell death. Cytochrome c retionated with the cytosol in the control transfected cells but not in the Bcl-xL-protected population.
lease and mitochondrial membrane depolarization as a result of the opening of permeability transition pores Antimycin A inhibits complex III of the electron transport chain. Cells treated with antimycin A are unable to have both been proposed as early irreversible events during apoptosis. To examine the relationship between maintain mitochondrial osmotic homeostasis following inhibition of electron transport. The mitochondria in antithese two phenomena and determine their role in the regulation of cell death, we have investigated these mimycin A-treated cells swelled in a manner that is characteristic of cells undergoing necrotic death. Treatment of tochondrial events in response to various apoptotic stimuli. Cytochrome c release followed by mitochondrial both Bcl-x L and control transfectants with antimycin A led to a comparable inhibition of oxidative phosphoryladepolarization occurred early during the apoptotic response to all stimuli tested. However, prior to either of tion as measured by oxygen consumption (data not these disruptions of mitochondrial physiology, an enmembrane rupture, enabling the dying cell to maintain ATP levels for a prolonged period of time. This may hanced accumulation of the mitochondrial dye Rh123 was observed. Rh123 accumulation reflected combined provide energy to fuel the orderly destruction of the cell that characterizes apoptotic cell death. For example, changes in the mitochondrial membrane potential and mitochondrial volume. These changes correlated with cytosolic ATP and dATP have been reported to be required cofactors of cytochrome c-induced caspase acelectron microscopic evidence of mitochondrial swelling and disruption of the outer mitochondrial membrane.
tivation . Events that destabilize mitochondrial homeostasis Mitochondrial swelling was verified by the direct measurement of the volume of isolated mitochondria. Outer during apoptosis may be diverse. For example, the loss of outer mitochondrial membrane integrity may be a membrane disruption was confirmed by demonstrating that the inner mitochondrial membrane protein, cytodirect consequence of matrix swelling. Functioning mitochondria maintain a higher internal osmolarity than chrome oxidase, becomes functionally accessible to cytosolic proteins. Disruption of the outer mitochondrial the surrounding cytosol. Since the inner mitochondrial membrane has a larger surface area than the outer memmembrane results in the redistribution of intermembrane space proteins to the cytosol. Ultimately, these events brane, upon osmotic swelling of the matrix space, the inner membrane can expand until it physically breaks the lead to mitochondrial depolarization and cell death.
The above changes appear to define a series of comouter membrane. IL-3 withdrawal, staurosporine, and inhibitors of oxidative phosphorylation might directly mon early events during apoptosis. The results provide a mechanism for the redistribution of cytochrome c and affect metabolic processes that regulate the ability of mitochondria to maintain volume homeostasis. In addiorder this event with respect to mitochondrial membrane depolarization. Bcl-x L expression is able to prevent all tion, one can speculate that Fas-induced death may involve a direct proteolytic cleavage of mitochondrial of these changes following every apoptotic stimulus tested. Bcl-x L does not appear to be acting upstream proteins that are directly or indirectly involved in volume homeostasis, while UV irradiation may involve damage of the mitochondria because it also prevents similar mitochondrial changes following treatment with direct to these same protein complexes and/or result in oxidative damage to membrane lipids that increases meminhibitors of oxidative phosphorylation. In addition, BclxL-containing mitochondria respond to growth factor brane ion permeability. Bcl-xL expression protects mitochondria from the efwithdrawal and metabolic inhibition by the protein kinase inhibitor staurosporine, with a decrease in mitochondrial fect of all of these stimuli. In response to several apoptotic stimuli, the effects of Bcl-x L could not be mimicked membrane potential while maintaining oxidative phosphorylation. This response prevents mitochondrial swellby caspase inhibitors, suggesting that Bcl-x L prevents mitochondrial swelling and outer mitochondrial meming and blocks metabolic depletion of the cell.
Both cytochrome c redistribution and mitochondrial brane rupture independent of an ability to inhibit caspase activation. The observation that Bcl-x L -expressing membrane depolarization would be expected to cause cell death. Cytochrome c is a potent activator of cascells stably maintain a lower mitochondrial membrane potential while sustaining an equivalent rate of oxygen pases in cytosolic extracts (Kluck et al., 1997; Yang et al., 1997) . Consistent with this finding, microinjection consumption could suggest that Bcl-x L functions to enhance the efficiency of oxidative phosphorylation. Bcl-2 of cytochrome c results in apoptosis that cannot be inhibited by Bcl-xL expression (C. S. Duckett et al., un- proteins can also protect cells that lack mitochondrial DNA ( 0 ) and a functional electron transport chain from published data). In addition, at least one mitochondrial protein released following mitochondrial membrane deapoptosis, suggesting that Bcl-2 proteins do not directly exert their effects on the electron transport chain (Japolarization has been shown to be an activator of nuclear apoptosis, presumably through caspase activation cobson et al., 1993) . However, 0 cells still maintain a mitochondrial membrane potential and a hyperosmolar . Thus, both the loss of outer mitochondrial membrane integrity leading to cytochrome c matrix by poorly understood mechanism(s) . Therefore, Bcl-2 proteins may promote the release and inner membrane depolarization are caspaseactivating events that trigger the apoptotic cascade survival of 0 cells by cooperating with the mitochondrial membrane transport systems that are necessary to downstream of Bcl-x L .
It is likely that loss of outer mitochondrial membrane maintain the high internal osmolarity of mitochondria while preventing osmotic swelling of the matrix. integrity and the subsequent disruption of mitochondrial function are by themselves events from which the cell
The ability of Bcl-x L to modulate the osmotic and electrical homeostasis of mitochondria could be a direct cannot recover. Swollen mitochondria are a characteristic feature of necrotic death, and we now demonstrate result of its pore-forming properties. For example, Bcl-xL may form a pore that regulates the accumulation of similar changes in response to apoptotic stimuli. Given these similarities, the question of what distinguishes hydrogen ions in the intermembrane space. Alternatively, Bcl-x L may function to inhibit other proteins, such necrotic from apoptotic cell death is raised. In most necrotic deaths, the loss of oxidative phosphorylation as Bax or other Bcl-2 associated proteins, such as a Ced-4 homolog, that can induce mitochondrial damage. leads to the loss of mitochondrial volume homeostasis (Decker and Wildenthal, 1980) . Loss of oxidative phosMitochondrial membrane channels and transport proteins are important in the regulation of mitochondria phorylation also acutely depletes mitochondrial-derived ATP (Lemasters et al., 1987) . In contrast, during apoptofunction. For instance, although the molecular composition is unknown, the putative permeability transition sis, the inner mitochondrial membrane remains capable of sustaining oxidative phosphorylation despite outer pore leads to the osmotic swelling of mitochondria when (Aldrich, Milwaukee, WI) was added at 50 M with the Rh123. Cells it opens (Zoratti and Szabo, 1995 1991). Bcl-2 has been reported to localize to such conrates and cellular respiration at the cytochrome oxidase site were tact sites of the inner and outer mitochondrial memdetermined using a previously described procedure (Schumacker branes (de Jong et al., 1994) and may function to moduet al., 1993; Chandel et al., 1996) . The fall in oxygen tension over late the cooperativity and/or function of proteins that time (dPO2/dt) was measured after the sequential addition of 100 M tetramethyl-p-phenylenediamine (TMPD)/1 mM ascorbate (to regulate the permeability of mitochondrial membranes.
provide a nonenzymatic electron donor for cytochrome c) and 10 M purified bovine cytochrome c (Sigma) to the cell suspension in a Experimental Procedures respirometer. The exogenous cytochrome c-dependent respiration was determined by subtracting dPO 2 /dt measured in the presence Cell Lines and Induction of Apoptosis of TMPD/ascorbate from that seen following cytochrome c addition. The Bcl-xL-and neomycin control vector (Neo)-transfected Jurkat
The same procedure was repeated using MSH buffer only to mea-T cells and FL5.12 pro-B cells were cultured as described previously sure the autooxidation of the reagents. (Boise et al., 1993; Boise and Thompson, 1997) . For Fas-induced death, Jurkat cells were cultured in the presence of 100 ng/ml antiFlow Cytometry of Isolated Mitochondria Fas monoclonal antibody (MAb) (Panvera, Madison, WI). Stauro-A mitochondrial fraction was obtained by mechanical lysis and difsporine (Calbiochem, La Jolla, CA) was used at a concentration of ferential centrifugation and resuspended in ice-cold MSH buffer. 0.3 M for Jurkat and FL5.12 cells. FL5.12 cells were deprived of Normal goat serum was added to block nonspecific protein interac-IL-3 by washing the cells three times in media lacking IL-3. Z-Valtions. The mitochondria suspension was then incubated with 10 M Ala-Asp(OMe)-CH 2 F (zVAD-fmk) (Enzyme Systems Products, Dublin, Rh123 for 30 min on ice, washed with cold MSH, and resuspended CA) was used at a concentration of 50 M for Jurkat cells and in MSH prior to the determination of forward light scatter by flow 100 M for FL5.12 cells where indicated. Both antimycin A and cytometry. Alternatively, the mitochondria suspension was incuoligomycin (Sigma, St. Louis, MO) were used at 5 g/ml. Where bated with 1 g of 20E8-C12 anticytochrome oxidase subunit IV indicated, cells treated with apoptotic stimuli were fixed and stained MAb (Molecular Probes) or 1 g of control antibody (R73 antirat for EM as previously described (Robards and Wilson, 1993) and TCR MAb, Pharmingen, San Diego, CA) for 15 min on ice. The mitomicroscopy performed using a JEOL 100CX II electron microscope chondria suspensions were washed and resuspended in 100 l MSH operating at 60 kV.
containing 1 g of fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse antibody (GIBCO-BRL, Gaithersburg, MD). The miSubcellular Fractionation tochondria were stained with secondary antibody for 15 min on ice, Mitochondrial and cytosolic (S100) fractions were prepared by rewashed, and resuspended in MSH for flow cytometric analysis. suspending cells in 0.8 ml ice-cold buffer A (250 mM sucrose, 20 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 17 g/ml phenylmethylsulfonyl fluoride, 8 g/ml aproti
